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VERTICAL CHANNEL-TYPE 3D
SEMICONDUCTOR MEMORY DEVICE AND

METHOD FOR MANUFACTURING THE
SAME

RELATED APPLICATIONS

This application claims priority to International Applica-
tion No. PCT/CN2012/086511, filed on Dec. 13, 2012,
entitled “VERTICAL CHANNEL-TYPE THREE-DIMEN- 10
SIONAL SEMICONDUCTOR MEMORY DEVICE AND
PREPARATION METHOD THEREFOR,” which 1s incor-

porated herein by reference 1n 1ts entirety.

BACKGROUND 15

1. Field

The disclosed technology relates to the technical filed of
microelectronic devices and memories, and more particu-
larly, to a non-volatile ultra-high-density vertical channel- 20
type 3D semiconductor memory device and a method for
manufacturing the same.

2. Description of the Related Technology

Demand for increased storage capacity to meet mass
storage requirements drives advances in semiconductor 25
memory technology. One approach 1s to decrease the size of
NAND flash memory to enable increased data storage
capability with high-density and low-cost non-volatile flash
devices. However, as devices designed with conventional
flash technology based on polysilicon floating gates, are 30
scaled down 1n size using, for example, 20 nm process
technology, crosstalk among cells may increase. In addition,
extreme ultraviolet (EUV) lithography techmiques costs for
manufacturing may increase. Therefore, there 1s a need to
develop new memory technology to meet mass storage 35
requirements.

Three-dimensional (3D) memory structures differ from
conventional methods for increasing storage density by
decreasing the size of the memory cell, by stacking memory
cells along a vertical direction (FIG. 1). Samsung Electron- 40
ics of Korea presented a memory array with dual layers of
planar channel obtained by an epitaxial process at the
International Electron Devices Meeting (IEDM) 1 2006.
Toshiba of Japan reported a bit cost scalable (BiCS) memory
array with vertical channels obtained by employing a “gate- 45
first” process at VLSI, 2007. Samsung Electronics reported
a terabit cell array transistor (T'CAT) memory array with
vertical channels and a Vertical Stacked Array Transistor
memory structure obtained by employing a “gate-last” pro-
cess at VLSI, 2009. Macronix of Tatwan reported a vertical 50
gate VG-NAND 3D memory with multiple layers of planar
channels at VLSI, 2010. International Technology Roadmap
for Semiconductors (ITRS) 2001 pointed out that the 3D
memory technique 1s becoming a mainstream technique of
the development of flash devices. 55

Despite advances, 1ssues including rehability of 3D
memory devices remain. For example, a 3D memory based
on vertical channels, like the memory cell in FIG. 2B,
employs a poly silicon channel material regardless of
whether a column-shaped channel 1s employed (FIG. 2A) or 60
a vertical-strip-shaped channel 1s employed (FIG. 2C).
Charge collapse caused by variation of the crystal size of the
poly silicon channel and gap traps among crystal grains may
significantly decrease carrier mobility. Typically, the carrier
mobility of the polysilicon channel is about 1-50 cm?/vs, 63
which 1s much lower than that of the conventional monoc-
rystal silicon. The excessive lower carrier mobility

2

decreases a reading current of a memory string and limits an
access capability of a peripheral circuit. Further, the memory

cells stacked along the vertical direction cause different
thicknesses of the polysilicon channel for the memory cells
at upper and lower portions of the memory string due to a
limitation of the etching process. Taking the structure shown
in FIG. 3 as an example, the memory cells at the upper
portion have a larger channel diameter than the memory
cells at the lower portion (d1<d35). When the channel at the
lower portion enters a completely depleted state, the channel
at the upper portion 1s still 1n a partially depleted state. These
variations 1n the storage capability impacts speed of writing
and erasing, durability, and may decrease rehability.

SUMMARY OF CERTAIN INVENTIVE
ASPECTS

The disclosed technology overcomes technical difliculties
of 3D memory manufacturing technology, including deep
hole etching and deposition of multiple dielectric layers, and
forming polysilicon channels. The disclosed technology
includes a vertical channel-type 3D semiconductor memory
device and a method for manufacturing the same. The
disclosed technology may solve the techmical problems
related to small channel current at an on-state caused by low
carrier mobility in the polysilicon channels. The disclosed
technology may improve consistency and reliability of the
storage performance of vertical memory cells.

One aspect of the disclosed technology includes a vertical
channel-type 3D semiconductor memory device. The device
includes a substrate. The device includes a multi-layer film
formed by alternatively depositing at least one insulating
layer and at least one electrode material layer on the sub-
strate. The device includes a plurality of through-holes that
define respective channel regions. The through-holes are
formed by etching the multi-layer film to the substrate. The
device includes a plurality of gate stacks, each formed by
depositing a barrier layer, a storage layer, and a tunnel layer
in sequence on an mnner wall of one of the plurality of
through-holes. The device includes a plurality of hollow
channels, each formed by depositing a channel material on
a surface of the tunnel layer of one of the plurality of gate
stacks. The device includes a plurality of drains, each
formed 1n a contact hole region for bit-line connection 1n a
top portion of one of the plurality of hollow channels. The
device includes a plurality of sources, each formed 1n a
contact region between a respective one of the plurality of
through-holes and the substrate 1n a bottom portion of a
respective one of the plurality of hollow channels.

Another aspect of the disclosed technology includes a
method for manufacturing a vertical channel-type 3D semi-
conductor memory device. The method includes, depositing
alternatively at least one insulating layer and at least one
clectrode matenal layer on a substrate to form a multi-layer
film. The method includes etching the multi-layer film to the
substrate to form a plurality of through-holes, each of which
defines a respective channel region. The method includes
depositing a barrier layer, a storage layer, and a tunnel layer
in sequence on an inner wall of a respective one of the
plurality of through-holes to form a plurality of gate stacks.
The method includes depositing a channel material on a
surface of the tunnel layer of a respective one of the plurality
of gate stacks to form a plurality of hollow channels. The
method includes forming a plurality of drains 1n respective
contact hole regions for bit-line connection 1n respective top
portions of the plurality of hollow channels. The method
includes forming a plurality of sources 1n respective contact
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regions between the plurality of through-holes and the
substrate 1n respective bottom portions of the plurality of
hollow channels.

The disclosed technology may overcome the problem of
small on-state channel current caused by low carrier mobil-
ity of a conventional polysilicon channel by decreasing
channel stress during a crystallization process of the channel
and reducing defect density at a back interface and within a
bulk crystal lattice. The disclosed technology may enhance
thickness control of the channel at the respective positions of
the vertical directional memory string, so as to facilitate to
enhance consistency and reliability of a storage performance
for the respective vertical directional memory cells. The
disclosed technology may provide a hollow channel which
may be imcompletely filled by controlling deposition time
for the channel so as to decrease the difliculty 1n forming a
conventional completely-filled channel. Moreover, it 1s also
possible to decrease the requirement on etching angle of a
deep hole so as to significantly decrease difliculty and cost
for manufacturing the 3D memory.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram showing an exemplary
evolution from a conventional planar flash array to a 3D
memory.

FIG. 2A 1s an exemplary top view illustration of a
conventional vertical 3D memory with a column-shaped
ring-gate structure.

FIG. 2B shows an exemplary structure of a basic memory
cell of FIG. 2A

FI1G. 2C 1s a top view of a 3D memory with a strip-shaped
planar-gate structure.

FIG. 3 1s an schematic diagram illustrating an exemplary
structure of a column-shaped memory array and the memory
cells at different positions thereof along line A-A' of FIG. 2A
and perpendicular to the paper plane, in which only the
memory strings are shown while the peripheral connection
wiring 1s omitted.

FIG. 4A 15 a schematic diagram of an exemplary structure
of a memory cell with a hollow channel formed by employ-
ing an air-gap concept according to the disclosed technol-
0gy.

FIG. 4B 1s a schematic diagram of an exemplary 3D flash
array comprising the memory cell shown in FIG. 4A accord-
ing to the disclosed technology, 1n which the 3D flash array
1s shown along the line A-A' of FIG. 2A and perpendicular
to the paper plane.

FIG. 5A-FIG. SF illustrate steps of a flowchart of an
exemplary process for manufacturing the memory illustrated
in FIG. 4B with hollow channels along the line B-B' of FIG.
2A and perpendicular to the paper plane according to an
embodiment of the disclosed technology.

FIG. 6 1s a flowchart illustrating a method for manufac-
turing a memory according to an embodiment of the dis-
closed technology.

DETAILED DESCRIPTION OF CERTAIN
EMBODIMENTS

The disclosure will be further illustrated 1n detail in the
following embodiments 1n conjunction with the accompa-
nying drawings, so that the object, solution and advantages
of the disclosed technology will become more apparent.

FIG. 1 1s a schematic diagram showing evolution from a
conventional planar flash array 100 to a 3D memory 120.
Conventionally, a NAND-type tlash device improves stor-
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age capacity by decreasing memory cell size so as to
increase a number of the memory cells per cell area. Each
memory string comprises two selection transistors and a
plurality of memory cells. In order to increase the density,
the 3D storage technmique implements a vertical memory
string 110 by vertically stacking a plurality of memory cells
105 and arranging these vertical memory strings 110 1n

parallel to form a high-density 3D memory 120.
FIG. 2A-FIG. 2C show a top view 200, a cross-sectional

view 220 and a cell structural view 210 of a conventional
vertical 3D memory 120. Vertical channel-type 3D memory
may be manufactured using a high-density flash technique in
which a polysilicon channel 1s formed by etching a deep hole
or a deep groove followed by filling. The terabit cell array
transistor (TCAT) structure proposed by Samsung and the
bit cost scalable (Bi1CS) structure proposed by Toshiba both
employ a column-shaped channel structure 215 as shown 1n
FIG. 2A and FIG. 2B. Such a column-shaped channel 215
forms a vertical annular-gate electrode which 1s advanta-
geous to control the speed of erasing and writing. From the
perspective of 1mproving integration density, the stripe-
shaped vertical channel 1s similar to a dual gate structure
which may implement multi-bit storage 1n each sheet-shaped
channel by controlling the respective gate electrodes.

FIG. 3 shows a column-shaped memory array 305 and the
memory cells 311, 312, 313, 314, 315, 315, 321, 322, 323,

324, and 325 at diflerent positions along line A-A' of FIG.
2 A and perpendicular to the paper plane. In FIG. 3, only the
memory strings 305 and 307 are shown. The peripheral
connection wiring 1s omitted. FIG. 3 shows that since it 1s
difficult to obtain a deep hole with an etching angle of 90
degree by etching, an upper cell 325 1n the vertical string has
a larger channel diameter than that of a lower cell 321 during
a subsequent process of forming a completely-filled poly-
silicon channel. Such a difference may lead to variation of
the speed of erasing and writing, and different depletion
states of the channel during reading and writing operations
may lead to inconsistency of the cell’s performance. Even
more, a volume change during a process from amorphous
s1licon to polysilicon results in much more detects and larger
stress due to the completely-filled structure, so as to decrease
carrier mobility 1n the channel.

The disclosed technology may enhance consistency of the
memory cells by obtaining unmiform polysilicon channel
thickness and increase the carrier mobility by decreasing
scattering of carriers by back interface defects of the poly-
silicon channel. Thus, the disclosed technology proposes a
hollow channel structure based on a concept of air-gap and
applies 1t to a 3D memory.

FIG. 4A shows a structure of a memory cell based on the
concept of air-gap 405. FIG. 4B schematically shows a
vertical array structure 415 of the 3D memory with the
hollow structure 405. A hollow channel 407, 409 of the
memory cell may be implemented automatically by control-
ling a deposition thickness during a channel deposition
process. Incomplete filling of the channel 407, 409 may
result 1n a polysilicon thin film 430 having a uniform
thickness for all the memory cells 421, 422, 423, 424, 425,
426 1n the vertical memory string 4135 so that the memory
cells 421, 422, 423, 424, 425, 426 of the 3D memory may
be consistent. Meanwhile, such a polysilicon thin film
reduces a number of bulk defects 1n gaps among crystal
grains within the channel by reducing the thickness, so as to
reduce fluctuations of threshold voltages of the memory
cells. Moreover, a density of interface trap defects at a back
interface of the polysilicon may be significantly reduce by
processes such as post annealing, so as to decrease scattering
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of carriers and to increase carrier mobility 1in the channel.
Further, for a process which employs amorphous silicon thin
f1lm deposition followed by annealing to form a polysilicon
channel, the presence of the hollow structure 409 may

amorphous silicon, and the change of channel stress may
also enhance the mobility in the channel.

On the basis of the structure of the hollow-channel
memory cell 405 employing the concept of air-gap and the
3D flash array with such memory cells 405 as shown 1n FIG.
4A and FIG. 4B, the disclosed technology includes a vertical
channel-type 3D semiconductor memory device, compris-
ing: a substrate 510; a multi-layer film formed by alterna-
tively depositing at least one insulating layer 522 and at least
one electrode matenial layer 526 on the substrate; a plurality
of through-holes 330 which define respective channel
regions, formed by etching the multi-layer film to the
substrate 510; a plurality of gate stacks 580, each formed by
depositing a barrier layer, a storage layer, and a tunnel layer
in sequence on an inner wall of a respective one of the
plurality of through-holes 530; a plurality of hollow chan-
nels 407, 409, each formed by depositing a channel material
on a surface of the tunnel layer of a respective one of the
plurality of gate stacks 380; a plurality of drains, each
formed 1n a contact hole region 593 for bit-line connection
in a top portion of a respective one of the plurality of hollow
channels 407, 409; and a plurality of sources, each formed
in a contact region 390 between a respective one of the
plurality of through-holes 530 and the substrate 510 1 a
bottom portion of a respective one of the plurality of hollow
channels 407, 409.

Each of the plurality of hollow channels 407, 409 may be
any one selected from a group consisting of a hollow
column-shaped channel, a hollow annular-shaped channel,
and a hollow strip-shaped channel formed by introducing an
air-gap. The channel material may comprise any one
selected from a group consisting of: polysilicon, amorphous
silicon, Ge—=S1, Ge, GaAs, and InGaAs. Each of the plu-
rality of hollow channels 407, 409 may be formed by
depositing a polysilicon film directly on the surface of a
respective one of the tunnel layers 1t the channel matenal
comprises the polysilicon. Each of the plurality of hollow
channels 409 may be formed by depositing an amorphous
silicon film on the surface of a respective one of the tunnel
layers followed by high-temperature annealing if the chan-
nel material comprises the amorphous silicon. Various sur-
face processes may be applied on respective surfaces of the
plurality of hollow channels 407, 409 to reduce defective
states at the respective surfaces.

Each of the plurality of gate stacks 580 may be a charge
capturing-type memory gate stack based on separate charge
storage or a floating gate-type memory gate stack based on
continuous storage medium. The charge capturing-type
memory gate stack 580 may comprise a tunnel layer/sepa-
rate dielectric storage layer/barrier layer structure. The sepa-
rate dielectric storage layer may comprise SiN or a high-K
dielectric material such as HfO. The floating gate-type
memory gate stack may comprise a tunnel layer/storage
layer/barrier layer structure. The storage layer may comprise
polysilicon or metal, or a combination of polysilicon and
metal.

It should be noted that the hollow-shaped cell and the
array structure shown in FIG. 4A and FIG. 4B are merely
examples of the disclosed technology. The disclosed tech-
nology 1s not limited to the string structure set forth 1n the
embodiment 1 which each vertical memory string com-
prises two selection transistors (SSL and GSL) and six
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memory cells. For a NAND memory string 415 comprising
a plurality of memory cells 421, 422, 423, 424, 425, 426 and

the GSL and SSL transistors, an end closer to the GSL
transistor 1s a bit-line connection terminal and another end
closer to the SSL transistor 1s a ground terminal. On the basis
of such an 1dea, 1t 1s possible to form any hollow-channel
structure, such as a hollow-column shape, a hollow-annular
shape, a hollow-strip shape and the like, by mtroducing the
air gap. For a vertical memory string, the hollow portion
may be in the memory cell region of the NAND memory
string only. Alternatively, 1t may also comprise the selection
transistor regions of the memory string or a portion of the
channel region of the memory string. The hollow channel
may be formed by depositing a thin film of polysilicon or by
depositing amorphous silicon followed by high-temperature
annealing. Meanwhile, the surface of the hollow portion
may be subjected to various surface processes (e.g. anneal-
ing 1n mtrogen gas and the like) so as to reduce defective
states, such as dangling bonds at the surface. The maternial of
the vertical channel with the hollow structure 1s not limited
to polysilicon. It may also be any one selected from a group
consisting of amorphous silicon, GeS1, Ge, GaAs, InGaAs
and the like.

Based on different hollow-channel structures, the vertical
memory cell may employ any one selected from a group
consisting of a wvertical planar-gate structure, a vertical
dual-gate structure, and a vertical annular-gate structure.
Thus, source and drain regions (e.g. SL and BL contact
regions of the NAND string) of the vertical NAND memory
string comprising such vertical cells may be formed by a
same type of doping (both are N type or P type doping) or
different types of doping (e.g. the source region 1s formed by
N type doping and the drain region 1s formed by P-type
doping; and vice versa). Alternatively, the source and/or
drain region may be formed of different materials (e.g. the
contact region for the BL region may comprises metal
s1licide which 1s different from the channel material). Mean-
while, the gate stack of such memory cell may be a charge
capturing-type memory gate stack based on separate charge
storage or a floating gate-type memory gate stack based on
continuous storage medium. The charge capturing-type
memory gate stack may comprise a tunnel layer/separate
dielectric storage layer (e.g., SiN layer)/barrier layer struc-
ture. The floating gate-type memory gate stack may com-
prise a tunnel layer/storage layer/barrier layer structure. The
storage layer may comprise polysilicon or metal, or a
combination of polysilicon and metal. The tunnel layer, the
storage layer and the barrier layer of the gate stack may be
all within a deep hole/groove formed by etching. Alterna-
tively, these layers may not be within the deep hole/groove,
and the deposition of the gate stack may be accomplished by
the gate-last process prior to the deposition of a gate
clectrode and after formation of a polysilicon channel.
Alternatively, these layers may be partially within the etched
deep hole/groove. For example, the deposition of the gate
stack may be accomplished by forming the tunnel layer prior
to the deposition of polysilicon in the deep hole/groove and
forming the storage layer and the barrier layer by the
gate-last process prior to the deposition of the gate electrode.

Furthermore, the hollow-channel structure based on such
a concept may be used for various vertical channel-type 3D
flash devices employing the gate-last process (such as BiCS
structure, a p-BiCS structure, or a SCP-NAND structure),
and 1t may also be used for various vertical channel-type 3D
flash devices employing the gate-first process (such as a

TCAT structure).
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FIG. 6 1s a flowchart of a method 600 for manufacturing
a vertical channel-type 3D semiconductor memory device.
In block 610, method 600 deposits alternating layers of at
least one insulating layer and at least one electrode material
layers on a substrate to form a multilayer film. In block 620,
method 600 etches the multi-layer film to the substrate to
form a plurality of through-holes, each of which defines a
respective channel region. In block 630, method 600 depos-
its a barrier layer, a storage layer, and a tunnel layer in
sequence on an mner wall of a respective one of the plurality
of through-holes to form a plurality of gate stacks. In block
640, method 600 deposits a channel material on a surface of
the tunnel layer of a respective one of the plurality of gate
stacks to form a plurality of hollow channels.

In block 650, method 600 performs surface processing on
respective surfaces of the plurality of hollow channels to
reduce defective states at the respective surfaces. The sur-
face processing may comprise annealing in nitrogen gas so
as to reduce dangling bonds at the respective surfaces of the
plurality of hollow channels. In block 660, method 600
forms a plurality of drains in respective contact hole regions
for bit-line connection 1n respective top portions of the
plurality of hollow channels. In block 670, method 600
forms a plurality of sources 1n respective contact regions
between the plurality of through-holes and the substrate in
respective bottom portions of the plurality of hollow chan-
nels.

FIG. SA-FIG. SF 1illustrate steps of a flowchart of an
exemplary process for manufacturing the memory illustrated
in FI1G. 4B with hollow channels along the line B-B' of FIG.
2A and perpendicular to the paper plane according to an
embodiment of the disclosed technology. Other manufac-
turing processes may be employed to manufacture the 3D
memory array. FIG. 5A-FIG. SF illustrate an implementa-
tion of the hollow channel by a gate-first process as an
example.

FIG. SA illustrates the exemplary step of depositing at
least one insulating layer (e.g., S10,) and at least one
clectrode material layer (e.g., polysilicon) to form a multi-
layer film, which includes at least one electrode for a vertical
memory string. FIG. 5B 1illustrates the exemplary step of
etching a plurality of through-holes to define a plurality of
channel regions.

FIG. 5C illustrates the exemplary step of depositing a
barrier layer, a storage layer, and a tunnel layer in sequence
to obtain a gate stack for each memory cell, wherein the
storage layer may be a continuous memory medium or a
discrete dielectric.

FIG. 5D illustrates the exemplary step of depositing an
amorphous silicon film to form a plurality of hollow struc-
tures by completely filling;

FIG. SE illustrates the exemplary step of forming a
plurality of polysilicon channels by annealing and perform-
ing surface process on respective surfaces of the polysilicon
channels to reduce defect states. FIG. SF illustrates the
exemplary step of sealing a drain contact region forming a
drain junction for each hollow channel followed by back-
end processes such as deposition of an 1nsulating dielectric,
connection of peripheral metal wiring, and the like.

By employing the above steps, a 3D memory array with
vertical hollow channels may be eflectively implemented.
The polysilicon channels may also be implemented by
omitting the steps shown in FIG. 5D and FIG. SE while
directly performing the incompletely filling of the thin
polysilicon film to obtain a hollow polysilicon channel.
There may be many variants of this concept and detailed
description thereof 1s omitted for brevity.
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As can be seen from above, since the hollow channel 1s
employed, even 1f the etching angle of the deep hole 1s not
vertical, a polysilicon channel with a uniform thickness may
be obtained by controlling the deposition time of the thin
film of the channel region, which may relax requirement of
the etching process. In addition, such a structure may also
relax requirement on quality of filling the completely-filled
channel. Thus, the manufacturing process of the disclosed
technology 1s relatively simple and the cost of manufactur-
ing 1s reduced, which facilitates industrial application and
promotion.

The example of FIG. SA-FIG. 5F shows a vertical array
structure with two selection transistors and six memory
cells. The disclosed technology also covers stacks of more or
fewer memory cells.

In a conventional vertical-channel 3D memory, a column-
shaped polysilicon channel structure 1s formed by {filling or
epitaxial growth followed by annealing after defining a
channel region by etching a deep hole. The disclosed tech-
nology introduces an air-gap to form a polysilicon channel
with a hollow column-shape, a hollow annular-shape or a
hollow strip-shape. The vertical-channel 3D memory device
having the air-gap may eflectively overcome the technical
problem of a small channel current at an on-state caused by
the low carrier mobility of the conventional polysilicon
channel, by decreasing the channel stress during the crys-
tallization process of the channel, improving the consistency
of the thickness of the channel, and/or reducing the defect
density at the back interface and within the bulk crystal
lattice. This may improve the consistency and reliability of
the respective memory cells along the vertical direction, and
cllectively decrease the difliculty and cost to manufacturing
the vertical channel.

Furthermore, the concept of the hollow air-gap according
to the disclosed technology 1s not limited to be applied to the
polysilicon channel, 1t may also be applied to the formation
of a vertical hollow electrode 1n a 3D crossing array of a
resistive memory structure. For example, the hollow struc-
ture may be applied to a vertical electrode of a 3D vertical
cross-bar-type resistive memory based on the concept of the
resistive memory.

While the disclosure has been described with reference to
specific embodiments about the object, technical solution
and the techmical effect of the disclosed technology, 1t should
be understood that the description 1s illustrative of the
disclosure and 1s not to be considered as limiting the
disclosure. Various modifications, replacements and
improvements may occur for those skilled 1n the art without
departing from the true spirit and scope of the disclosure.

What 1s claimed:

1. A vertical channel-type 3D semiconductor memory
device, comprising:

a substrate:

a multi-layer film formed by depositing alternating layers
of at least one insulating layer and at least one electrode
material layer on the substrate;

a plurality of through-holes, which define respective
channel regions, formed by etching the multi-layer film
to the substrate:

a plurality of gate stacks, each formed by depositing a
barrier layer, a storage layer, and a tunnel layer in
sequence on an mner wall of a respective one of the
plurality of through-holes;

a plurality of hollow channels, each formed by depositing,
and incompletely filling a channel material on a surface
of the tunnel layer of a respective one of the plurality
of gate stacks;
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a plurality of drains, each formed 1n a contact hole region
for bit-line connection in a top portion of a respective
one of the plurality of hollow channels; and

a plurality of sources, each formed 1n a contact region
between a respective one of the plurality of through-
holes and the substrate in a bottom portion of a respec-
tive one of the plurality of hollow channels.

2. The device of claim 1, wherein each of the plurality of
hollow channels has a column, annular, or strip shape, and/or
wherein the channel maternial 1s selected from the group
consisting of polysilicon, amorphous silicon, Ge—Si1, Ge,
(GaAs, and InGaAs.

3. The device of claim 2; wherein each of the plurality of
hollow channels 1s formed by depositing a polysilicon film
directly on the surface of a respective one of the tunnel
layers.

4. The device of claim 2, wherein each of the plurality of
hollow channels 1s formed by depositing an amorphous
silicon film on the surface of a respective one of the
respective tunnel layers followed by high-temperature
annealing.
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5. The device of claim 1, wherein each of the plurality of
gate stacks 1s a charge capturing-type memory gate stack
based on separate charge storage or a floating gate-type
memory gate stack based on a continuous storage medium.

6. The device of claim 5, wherein the charge capturing-
type memory gate stack comprises:

a tunnel layer;

a separate dielectric storage layer; and

a barrier layer.

7. The device of claim 6, wherein the separate dielectric
storage layer comprises SiN or a high-K dielectric material
of H1O.

8. The device of claim 5, wherein the floating gate-type
memory gate stack comprises:

a tunnel layer;

a storage layer; and

a barrier layer.

9. The device of claim 8, wherein the storage layer
comprises polysilicon, metal, or a combination of polysili-

20 con and metal.
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